Abstract-In orthogonal frequency-division multiplexing (OFDM)-based cognitive radio (CR) systems, power optimization algorithms have been evaluated to maximize the achievable data rates of the secondary user (SU). However, unrealistic assumptions are made in the existing work, i.e., a Gaussian input distribution and traditional interference model that assumes a frequency-division multiplexing modulated primary user (PU) with perfect synchronization between the PU and the SU. In this paper, we first derive a practical interference model by assuming OFDM modulated PU with imperfect synchronization. Based on the new interference model, the power optimization problem is proposed for the finite symbol alphabet (FSA) input distribution [i.e., M -ary quadrature amplitude modulation (M-QAM)], as used in practical systems. The proposed scheme is shown to save transmit power and to achieve higher data rates compared with the Gaussian optimized power allocation and the uniform power loading schemes. Furthermore, a theoretical framework is established in this paper to estimate the power saving by evaluating optimal power allocation for the Gaussian and the FSA input. Our theoretical analysis is verified by simulations and is proven to be accurate. It provides guidance for the system design and gives deeper insights into the choice of parameters affecting power saving and rate improvement.
systems. Based on the fact that the MI attained by the FSA input is always lower than the capacity attained by the Gaussian input, the difference in achievable rate can be approximated by using an SNR gap model, as proposed in [7] . However, the approximation is not valid at high SNRs due to the large gap.
One possible solution to address this limitation is to derive the optimal power with the FSA input, as given in [8] , where the authors only considered a noncognitive scenario. To the best of our knowledge, no work has been done to derive optimal power with FSA inputs in CR systems. Therefore, in [9] , we derived the optimal power allocation for the FSA input in OFDM-based CR systems. Through Monte Carlo simulations, we showed that there is a wastage of transmit power if the Gaussian optimized power is used for the FSA transmission. Whereas, the optimal power allocation derived by the proposed scheme leads to a significant power saving, i.e., 12%-90%, depending on the modulation scheme (i.e., binary phase-shift keying (BPSK), quadrature phaseshift keying (QPSK), and 16-ary quadrature amplitude modulation (16-QAM)) used. In the literature and in [9] , interference from the secondary system to the primary system is calculated based on the assumptions that 1) the SU and the PU are OFDM and frequencydivision multiplexing (FDM), respectively, and 2) that both the PU and the SU are perfectly synchronized. In practical systems, these assumptions are unrealistic since current wireless communication systems are OFDM modulated. In addition, it is difficult to maintain perfect synchronization. This paper is an extension of our previous work in [9] , and the novel contributions of this paper are subsequently summarized.
• In this paper, Section II presents a novel practical interference model that assumes OFDM modulation scheme for both the PU and the SU with imperfect synchronization. This has not been reported in the literature. The previous interference model is only applicable to FDM modulation scheme. Based on the proposed interference model, the optimal power is derived for the FSA input distribution by capitalizing on the relationship between MI and minimum mean square error (MMSE) [10] in Section III.
• Motivated by the results obtained in Section IV, we theoretically evaluate the average optimal power for the Gaussian and the FSA input and accordingly calculate the power saving, which again has not been reported in the existing literature. Given channel statistics, the theoretical analysis can be used to estimate the power saving without running time-consuming Monte Carlo simulations. In addition, it provides us a deeper insight into the parameters affecting power saving (i.e., the optimal power for the FSA input distribution is inversely proportional to d 2 , where d is the minimum distance for unit variance constellations).
• Our theoretical analysis is validated by simulations in Section V and proves to be accurate. Furthermore, we compare achievable data rate for the FSA transmission under the optimal power allocation with FSA inputs and uniform power loading scheme [4] . We found that our proposed power allocation scheme outperforms the uniform power loading scheme. The remainder of this paper is organized as follows. Sections II -IV present the interference model, the optimal power allocation policy, and the theoretical analysis of power saving for OFDM-based CR systems, respectively. We present the simulation and theoretical results of the proposed scheme in Section V. Finally, conclusions are drawn in Section VI.
II. INTERFERENCE MODEL
The system model can be found in [9] . We assume OFDM modulation scheme for both the SU and the PU with imperfect 0018-9545 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. synchronization, as shown in Fig. 1 . Sidelobes are omitted in the figure for simplicity. Consider a frequency offset δf such that = δf /Δf , where is the normalized frequency offset and Δf is the subcarrier spacing. The SU samples with after inverse fast Fourier transform (IFFT) are
The PU samples after IFFT are
where 2N is the total number of subcarriers; subscripts s and p represent SU and PU, respectively; and k is the number of time samples. Given and omitting the channel effect and noise, the input of the fast Fourier transform (FFT) for the PU and the SU is given by
Consider the th output of the PU FFT, Y p , which corresponds to the symbol received on the th subcarrier. This is given as
By substituting (3) into (4) and after mathematical manipulations, we obtain
Based on (5), it can be easily shown that
In (6), the second term is the net interference to the th subcarrier of the PU from all the SU subcarriers and is denoted by ψ as follows:
Define ψ ,ns as the interference from the n s th SU subcarrier to the th PU subcarrier, i.e.,
Note that the signal spectrum of each subcarrier is a Sinc function; therefore, the interference calculation expressed in (8) has taken the sidelobes of the Sinc function into account. The averageψ ,ns can be thus calculated as
After mathematical manipulations, we obtain
Interference power can be calculated as
, where p ns is the transmit power of the n s th SU subcarrier, and
III. OPTIMAL POWER ALLOCATION POLICY
The objective of power optimization is to calculate an optimal power value with FSA input that maximizes the MI of the SU under given constraints, which formulated as follows:
subject to
where τ th is the interference threshold prescribed by the PU, g ns is the channel gain between the SU transmitter and the receiver of the n s th subcarrier, and Ω is the path loss between the SU transmitter and the PU receiver. In the rest of this paper, n s , p ns , g ns , and Φ ,ns is represented as n, p n , g n , and Φ n , respectively, whenever no ambiguity arises. In [9] , the optimal power is derived and is given as
where λ is the Lagrange multiplier for the interference constraint and can be solved using numerical methods (such as bisection, secant, or Newton) by solving the following equation:
Simulation results are presented in Section V. We denote the total transmit optimal power (P =
N n=1
p n ) with Gaussian inputs as P G and with FSA inputs as P F . In Figs. 2 and 3, we plot optimal power allocation and percentage of power saving [i.e., ((P G −P F )/P G )×100] in CR systems using Monte Carlo simulations. In our simulations, we have adopted Long-Term Evolution (LTE) parameters for the SU transmission and assumed that a total of 10-MHz bandwidth is divided into 50 resource blocks (RBs) [11] . We consider a simplified path loss model, i.e., Q(r 0 /r) γ [12] for the simulations, where Q is constant, γ is the path loss exponent, and r 0 (reference distance) and r (distance between the SU transmitter and the PU receiver) are defined in meters. The values of , γ, and r 0 are 0.04, 2.7 (for urban microcells), and 50 m, and τ th is assumed to be equivalent to thermal noise per RB, respectively. The interference introduced to the PU changes according to r, which is assumed to vary from 50 to 85 m. We adopt the IEEE 802.11 multipath channel model with root-mean-square delay spread of 50 ns. The results are averaged over 2000 snapshots. It is clearly shown in Fig. 3 that significant power saving has been achieved by the proposed optimal power P F in comparison with P G . The transmit power saving for distances ranging from 50 to 85 m has found to be 65%-90%, 49.5%-83%, and 12%-60% for BPSK, QPSK, and 16-QAM inputs, respectively.
IV. THEORETICAL ANALYSIS OF POWER SAVING
Motivated by promising power saving results, here, we theoretically analyze the power saving. The advantage is that, for given channel statistics, the theoretical analysis can be used to estimate the power saving without running time-consuming Monte Carlo simulations.
Theorem 1: The power saving for a Rayleigh channel distribution by using the proposed optimal power P * F compared with the conventional power allocation scheme P * G is given bȳ
wherē
where
and f (a) denotes the derivative of f evaluated at point a, σ is the channel statistic parameter for Rayleigh distribution, Γ(.) is the incomplete gamma function [13] , and d is the minimum distance for unit variance constellations, i.e., d = 2, √ 2 and 2/5 for BPSK, QPSK, and 16-QAM, respectively.
Proof: The average optimal power for a given λ with arbitrary input distributions can be obtained as
where h(g n ) is a probability density function of the channel, and for a Rayleigh fading channel,
2 ) . The MMSE relationships for FSA and Gaussian input distributions are given by [8] 
where U = √ π/d and 1 for M-PSK and M -ary quadrature amplitude modulation (M-QAM), respectively. To calculate p n (g n , F) and p n (g n , G), we substitute (21) and (22) into (14) . After some mathematical manipulations, we obtain
(p n gn)
where W (.) is the Lambert W function [14] . From (20), the optimal power for the FSA input can be derived as
n . Using Taylor series, the right-hand side (RHS) of (26) becomes
According to [15] 
A closed form of (27) can be derived as
By substituting (29) into (20), we obtain (18). To calculate A, B, C, and D in (29), we need to derive f (a), f (a), f (a), f (a) by defining the function and taking its derivatives as follows:
By substituting the values of α n in (30)-(33), A, B, C, and D can be calculated. By substituting (25) into (20), the optimal power for Gaussian inputs can be derived as
By applying (28), the RHS of (34) becomes
By substituting (35) into (20), we obtain (17).
A. Theoretical Calculation of λ for FSA and Gaussian Input Distributions
In (18) and (17), k n , d, and σ are constant values; however, λ is dependent on the channel gain. Therefore, we calculate λ numerically via the following equation:
By substituting (24) into (36) and after the same manipulations as in (26)- (28), we can obtain the value of λ for the FSA input using the following equation:
Similarly, by substituting (25) into (36) and after the same manipulations as in (34) and (35), we can obtain the value of λ for the Gaussian input using the following equation:
By substituting the values of k n , N , τ th , Ω, and σ in (37) and (38), λ can be calculated numerically. The theoretical analysis gives deeper insights on the parameters affecting power saving. For example, it is shown in (18) that the optimal power for FSA input distribution is inversely proportional to d 2 . As d(BP SK) > d(16 − QAM ), therefore, average optimal power for BPSK is lower, leading to more power saving compared with the optimal power for 16-QAM.
V. EVALUATION OF ORTHOGONAL FREQUENCY-DIVISION MULTIPLEXING-BASED COGNITIVE RADIO SYSTEM

A. Simulation Analysis
In Fig. 2 , we compare P G and P F versus distance. We observe in this figure that P G is always greater than P F over the considered distance range. It has been noted that the gap is smaller at shorter distances compared with longer distances. The explanation is provided in [9] . Moreover, it has been observed that at a given distance, P F increases with the modulation order (i.e., from BPSK to 16-QAM). The optimal power allocation is dependent and specific for every modulation scheme. It would result in power inefficiency if one tries to transmit BPSK signal with the power that is optimized for 16-QAM.
We have presented the results in [9] that the proposed optimal power allocation scheme achieves higher data rate compared with the Gaussian optimized power. We have shown that the percentage rate gain of the BPSK, QPSK, and 16-QAM is 16.8%-12.4%, 13%-11.8%, and 3%-5.8%, respectively, for the interference threshold values ranging between 1 and 3 mW. However, in this paper, we compare the achievable data rate for the FSA transmission under optimal power allocation with FSA inputs and uniform power loading scheme (i.e., τ th /(Ω N n=1
Φ n )), as shown in Fig. 4 . It is clearly shown that the proposed scheme outperforms the uniform power loading scheme over considered distance range. Fig. 5 shows the effect of normalized carrier frequency offset (i.e., ) on the percentage of power saving over the Gaussian input by keeping the fixed distance (60 m). It has been observed that the percentage of power saving increases by increasing the values of . This is due to the fact that the proposed optimal power and optimal power assuming the Gaussian input decreases by increasing the values of , but the Gaussian optimized power decreases faster than the proposed optimal power. In Fig. 6 , we compare percentage of power saving with the proposed and the conventional interference models. It has been shown that the percentage of power saving with the proposed interference model increases with the increased values of , whereas the percentage of power saving with the conventional interference model presented in [9] has a constant value because it does not depend upon values of .
B. Analytical Results Versus Simulation Results
As discussed in Section III, our simulation study has shown that the proposed optimal power allocation scheme achieves significant power saving compared with the optimal power under the Gaussian input. Fig. 3 shows the comparison of analytical (solid line) and simulated (dashed line) power saving. The channel static parameter, i.e., σ in (18) and (17) has been calculated from the empirical Rayleigh distribution and implemented in the simulation. One can see that theoretical results coincide well with the simulated results, and the discrepancy is marginal. The minor difference follows from the fact that we used approximated values of MMSE in (21) and Taylor approximation in (26) to calculate the optimal power under the FSA input. It can be concluded that, for given channel statistics, the theoretical analysis can be used to derive an average optimal power allocation and estimate power saving without running time-consuming Monte Carlo simulations. To evaluate the accuracy of using Taylor expansion, Fig. 7 shows the optimal power of BPSK and the optimal power achieved by different degrees of Taylor polynomials. It is clear from the figure that the fifth degree of Taylor polynomials approximately matches the exact value and thus can be used to calculate the theoretical optimal power under arbitrary input distributions, as well as the achieved power saving using the proposed power allocation scheme. The same accuracy of Taylor expansion has been noted for other modulation schemes in other figures.
VI. CONCLUSION
In this paper, we first established the practical interference model that assumes OFDM modulation scheme for both the PU and the SU with imperfect synchronization. Accordingly, the power allocation problem in OFDM-based CR systems is derived under the condition of FSA input applicable to practical systems. Motivated by the promising power saving result through Monte Carlo simulations, a theoretical evaluation of the power saving is presented to gain deeper insights into the power saving capability of the proposed scheme. Furthermore, the theoretical results reveal that 1) our optimal power with the FSA input significantly outperforms the conventional power allocation schemes (i.e., the Gaussian optimized power and uniform power loading scheme) in terms of transmit power saving and achievable data rate; 2) with fixed distance metric, the optimal transmit power with the FSA input increases as the modulation order increases; and 3) by increasing the value of the normalized frequency offset ( ), the percentage of power saving increases with the proposed interference model, whereas the percentage of power saving with the conventional interference model has a constant value. Based on the aforementioned findings, we concluded that, by using the proposed power allocation scheme, both spectrum and energy efficiency can be improved. Second, to achieve desired energy efficiency, the power should be optimized according to the employed modulation scheme.
SINR Estimation in Limited Feedback Coordinated Multipoint Systems
Di Su, Chenyang Yang, Gang Wang, and Ming Lei Abstract-Coordinated multipoint (CoMP) transmission can provide high spectral efficiency for cellular systems if perfect channels are available. In limited feedback systems, except for channel direction, signalto-noise-plus-interference ratio (SINR) is necessary to assist in user scheduling and adaptive transmission. When the methods to estimate SINR in single-cell systems is applied to CoMP systems, the performance will significantly degrade. In this paper, we estimate the SINR for downlink CoMP systems. We start by showing that the quantization error vector is no longer isotropic when quantizing CoMP channels. This implies that the vector has an inherent structure. We proceed to formulate an optimization problem to find the quantization error vector that maximizes the multiuser interference power under the structure constraint. This way, we can exploit the nonisotropic nature of the quantization error vector and avoid overestimating the SINR. Simulation results show that the proposed method provides high throughput and low outage probability with negligible extra feedback overhead.
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I. INTRODUCTION
Coordinated multipoint (CoMP) transmission has drawn broad attention recently for its potential to support high throughput [1] , [2] , which has various forms depending on the information shared among the coordinated base stations (BSs). When all the BSs share both data and channel information, CoMP joint transmission (CoMP-JT) can provide high spectral efficiency for cellular systems. This however requires large feedback overhead for frequency-division duplexing (FDD) systems [3] .
Limited feedback techniques are widely applied for reporting channel information to the BS in multi-input multi-output (MIMO) systems, which has been extensively studied [4] . To assist in downlink beamforming for multiuser MIMO (MU-MIMO) systems, each user needs to feed back the quantized channel direction information (CDI). To facilitate user scheduling and modulation and coding scheme (MCS) selection, the signal-to-noise-plus-interference ratio (SINR) needs to be available at the BS [5] .
Despite that CoMP-JT can be viewed as a large MIMO system with a super BS, there are many subtle but critical differences in terms of system setting and channel feature. As a result, the wellexplored techniques developed for single-cell MIMO systems cannot be extended to CoMP straightforwardly. To feed back CDI in CoMP-JT systems, the per-cell codebook-based limited feedback scheme is preferred due to its flexibility and compatibility [6] . Although such a scheme is suboptimal in nature, its performance can be significantly improved by judiciously designing the methods for codeword selection
